Summary The ability of CD4 T helper (Th) cells to dierentiate into two phenotypes distinguished by their cytokine pro®le is a major determinant of the type of immune response elicited by bacterial, viral or parasitic infections. The development of Th1 cells is associated with delayed-type hypersensitivity and cell-mediated immune responses while Th2 responses are associated with humoral immunity and allergic in¯ammation. While these phenotypes exist at the extremes of the immune response and are associated with pathological conditions, there is an enormous plasticity that allows reversibility and the development of a wide array of cytokine pro®les. There has been considerable interest in determining the signals and transcription factors that govern the dierential production of the Th1 and Th2 cytokines. There are now several candidate transcription factors that may play a role in skewing the cytokine pro®le in a distinct direction. Because of the plasticity of the system, these transcription factors must be able to respond to environmental signals in a very subtle manner and not simply be on/o switches for expression of the cytokine genes. The architectural transcription factor high mobility group (HMG) I(Y) is a modulator of the function of many of the transcription factors that control cytokine gene transcription. HMGI(Y) appears to play either a positive or negative role depending on the cytokine promoter and its ratio to other transcription factors. It is proposed that HMGI(Y) may have a role in regulating the production of cytokines in favour of a given immune response.
Introduction
It has long been observed that dierent antigens can ellicit distinct types of immune responses. The discovery that CD4 + Th cells could dierentiate into subsets of cells that were capable of producing distinct arrays of cytokines provided a cellular basis for these observations. 1±3 The Th1-type cells produce IFN-c, TNF-b and IL-2, and promote the cellular immune response such as delayed-type hypersensitivity reactions. In contrast, Th2-type cells produce IL-4, IL-5, IL-6, IL-10 and IL-13, and are involved in the humoral immune response. In certain pathological conditions such as autoimmunity and allergy, polarized Th1 and Th2 responses, respectively, are thought to play a role in disease development. Therefore, understanding the molecular mechanisms that control the development of these cell types may be helpful in the development of new treatments.
Th subsets and their development
The dierentiation pathway of naive T cells depends heavily on the environment in which the cell is exposed to antigen stimulation. Th1 development is driven by the presence of IL-12 produced by macrophages and NK cells of the innate immune system, and occurs in response to bacterial infections. 4 Interleukin-12 signals the activation of Stat proteins in the T cells and it has been shown that Stat4 is critical for Th1 development. 5, 6 On the other hand, the presence of IL-4 early in the immune response is thought to be essential for Th2 development, although the initial source of this IL-4 is not well understood. 2 Interleukin-4 stimulation of T cells leads to the activation of Stat6 which has been shown by gene deletion to be critical for Th2 development. 7, 8 While it is clear that the Stat proteins are essential for the early development of these distinct phenotypes, they do not directly activate cytokine gene promoters. 2 In addition, signals from the T cell receptor in response to antigen are not Stat mediated. Nevertheless, the strength and duration of the TCR signal is crucial to the development of the T cell subtypes. 9 TCR signals activate an array of well-described transcription factors, the most important of which appear to be members of the nuclear factor of activated T cells (NFAT), nuclear factor (NF)-jB and AP-1 families. 10 Transcription from many of the T cell cytokines is controlled by these same families of transcription factors. 11, 12 Until recently, there was little evidence that there was differential use of these transcription factors by particular sets of cytokines. Recent evidence, however, suggests that NFAT and AP-1 proteins are more readily activated in Th2 than in Th1 cells. 13 Exciting evidence has now emerged suggesting an opposing role for two NFAT family members in IL-4 gene transcription and Th2 development. Mice lacking NFATp have increased IL-4 levels, together with increased eosinophilia and IL-5 production in a model of allergic in¯ammation. 14, 15 On the other hand, mice lacking NFATc have impaired IL-4 but normal IL-2 production and impaired Th2 responses. 16, 17 This is the ®rst evidence that the dierent NFAT family members play subtly distinct roles in T cell function.
A number of other transcription factors have also been implicated in the expression of Th2 cytokines. These include GATA-3, NF-IL6 and Maf-1, all of which have been shown to in¯uence IL-4 gene transcription. 18, 19 It was found that GATA-3 was dierentially expressed in Th1 and Th2 cell types. The presence of GATA-3 in the Th2 cells was shown to be necessary for Th2 cytokine production. While there are potential binding sites for GATA-3 in some of the cytokine promoters, a direct eect has not yet been shown. GATA-3 levels decline in Th1 developing cells, thus favouring the loss of Th2 cytokine transcription. The presence of GATA-3, however, did not inhibit IFN-c production in a Th2-type cell, arguing that other factors are required in the process. GATA-3 also required the cooperation of TCR signals, presumably mediated by NFAT and AP-1 to drive IL-4 gene transcription. Unlike GATA-3, c-Maf does not appear to drive Th2 dierentiation but accumulates as Th2 dierentiation proceeds, arguing against a major role for this protein in the initial Th2 response. 19 The transcription factor IRF-1 has been implicated in the development of the Th1 response, but that appears to be an indirect eect on IL-12 production in macrophages, with no direct function in T cells. 20, 21 Factors that drive Th1 development in the T cells have yet to be isolated.
The dierentiation of Th1 and Th2 cells is not a rigid dierentiation phenomenon, as with other developmental systems. Cells and cell progeny can switch from one phenotype to the other depending on the environment to which the cells are exposed. The absolute nature of the Th1/Th2 response has also been questioned by experiments where the production of cytokines by individual cells was analysed. 22 It was observed that individual cells could produce both types of cytokines at any one time, arguing against the selective expansion of a distinct T cell clone. These experiments favour the skewing of the response at a population level by altering the probability that any one cell will express higher levels of Th1 or Th2 cytokines.
If the Th1/Th2 system is¯uid and dependent on the environment, and individual cells can produce an array of both Th1 and Th2 cytokines in response to certain stimuli, then this argues against an all or none phenomenon where the factors that control the on/o switch for each cytokine are less likely to control Th1/Th2 development. Such a system would favour a role for transcription factors that modulate the level rather than the absolute production of cytokine genes. Transcription factors such as NFAT and AP-1 that are activated by TCR signals are regarded as on/ o switches for the cytokine genes. Modulating the function of these factors or their interaction with other factors may, however, play a role in controlling the level of gene transcription. Factors such as GATA-3 that cooperate with TCR-activated factors may play such a modulatory role.
Apart from the classical DNA binding transcription factors, transcription from the cytokine genes is in¯uenced by other nuclear factors that modify chromatin structure, DNA architecture and transcription factor binding. One such factor that aects cytokine gene transcription in this manner is the architectural transcription factor HMGI(Y). High mobility group (HMGI(Y)) proteins aect DNA architecture and promote or inhibit the binding and function of other transcription factors to gene control elements. 23 These proteins are therefore modulators of transcription. They can respond to stimuli that alter T cell phenotype and hence may be good candidates as modulators of Th1/Th2 cytokine responses. In the following section we discuss the evidence for HMGI(Y) control of cytokine gene transcription and propose a model by which these proteins may be involved in modulating Th1/Th2 responses.
The HMGI(Y) family of proteins
High mobility group proteins were ®rst described as a series of proteins that were present in the nucleus of cells and were distinguishable from the other abundant group of proteins, the histones. The HMG proteins are now divided into several subfamilies based on their sequence similarity. The HMGI(Y) subfamily consists of three highly related proteins ( Fig. 1) . 23 High mobility group I and HMGY are products of the same gene and result from dierential RNA splicing such that HMGY is 11 amino acids shorter than HMGI. HMGI-C is the product of a distinct gene but is structurally and functionally related to HMGI and HMGY. The HMGI(Y) proteins are $ 100 amino acids long and occur in many dierent forms in the nucleus due to post-translational modi®cations such as phosphorylation or acetylation. The proteins contain a consensus DNA binding domain (TP-KRPRGRPKK) that is repeated three times in the protein (Fig. 1) . The DNA binding domains, known as A/T hooks, are capable of binding to A±T stretches of DNA. The binding of these proteins is to the minor groove of the DNA and it is generally regarded that they recognize structure generated by the A/T sequence rather than a speci®c sequence. Although constitutively present in the nucleus, the relative levels of the HMGI(Y) proteins and their phosphorylation status can be altered in response to cellular activation and cell cycle progression. For example PMA treatment, as well as epidermal growth factor (EGF) receptor activation in ®broblasts, leads to increased levels of HMGI(Y) in the nucleus. 23 The extent of HMGI(Y) phosphorylation varies with the cell cycle and it has been shown that Cdc2 kinase is capable of phosphorylating HMGI(Y) on consensus sites present in two of the A/T hook DNA binding domains. 24 This phosphorylation has been shown to occur both in vitro and in vivo. It has been shown that phosphorylation of HMGI(Y) by Cdc2 kinase greatly reduces its anity for DNA. Although the in vivo functional eects of phosphorylation have not been well investigated, it clearly will have an impact on transcription from those genes to which HMGI(Y) binds.
High mobility group I(Y) also has many structural effects on DNA. 23 It can bend or unbend DNA depending on the initial structure of the DNA. It can generate positive or negative supercoils in DNA. High mobility group I(Y) can also in¯uence the structure of nucleosomes on DNA by recognizing certain DNA structural features on the nucleosome and altering their rotational settings. Evidence for its role in assembling transcription factor complexes in a chromatin context is accumulating.
A large body of evidence has accumulated over the past few years showing a major role for HMGI(Y) proteins in the control of gene transcription. There are now a variety of genes whose transcription rates appear to be dependent on the presence of HMGI(Y) proteins. These include interferon-b, E-selectin, TNF-b, IL-2 receptor a, IL-2, granulocyte macrophage colony stimulating factor (GM-CSF) and MSGA/GROa. 23 These genes respond in a positive manner to the presence of HMGI(Y). A number of genes whose expression is negatively regulated by HMGI(Y) have also been described, including IL-4, e-IgG and GP-91-PHOX. 23 It has been shown in transcription factor±DNA binding assays that the presence of HMGI(Y) can promote or inhibit transcription factor binding depending on the DNA sequence and the transcription factor involved. The protein is thought to aect transcription factor binding by altering DNA structure and also by direct interaction with other transcription factors. The HMGI(Y) proteins have been shown to interact directly with a number of transcription factors in the absence of DNA, leading to the possibility that HMGI(Y)±transcription factor complexes have dierent recognition properties to each of the factors alone. The transcription factors known to interact with HMGI(Y) include the NF-jB/Rel, AP-1, ATF, Ets and POU domain families. 23 The ability of HMGI(Y) both to introduce bends into DNA as well as promoting transcription factor binding has led to the conclusion that HMGI(Y) could also promote transcription factor interactions from binding sites located at some distance from each other on the DNA. It has been shown particularly for the IFN-b gene that HMGI(Y) is essential for the formation of a higher order protein±DNA complex on the promoter termed an`enhanceosome'. 25, 26 As can be seen from the list of genes whose transcription is aected by HMGI(Y), a large proportion are immune function genes. This suggests that HMGI(Y) may play an important role in controlling immune responses. In the immune response not only is it important to be able to switch genes on and o in response to speci®c stimuli, but the precise regulation of the level of expression is also critical. It is interesting to speculate that a modulator of transcription factor function such as the HMGI(Y) proteins may play a role in ®ne-tuning the level of expression. Since HMGI(Y) appears to have both positive and negative effects on dierent cytokine genes in the immune system, it is also interesting to speculate that it may have a role in the type of immune response that is generated.
HMGI(Y) in¯uences both IL-2 and IL-2 receptor a gene transcription
Transcription from the interleukin-2 gene has been thoroughly investigated as a model for both inducible and T cell-speci®c gene transcription by a large number of groups. 27 The regions of the proximal promoter required for transcription in response to dierent T cell stimuli have been thoroughly described. The transcription factors that bind to these functional regions and play a role in activation of the basal promoter have also been de®ned. The major families of transcription factors that appear to play a role in IL-2 transcription are the NF-jB/Rel, NFAT, AP-1 and Oct families. These proteins bind individually or as complexes to the promoter and act to facilitate transcription. Several general principles have emerged from these studies. First, most of the binding sites for these factors arè non-consensus' binding sites with relatively weak anities for the factors. When these sites were mutated to generatè consensus' higher anity sites, the regulation of the promoter was greatly perturbed. 28 Second, it appears that individual sites do not act independently but that there is a requirement for the presence of all the factors or factor binding sites to generate a functional complex. 29 This situation is reminiscent of the formation of a so-called enhanceosome on the IFN-b promoter. These two general principles suggest that the transcription factors form a speci®c interacting complex on the promoter that acts as a unit to promote transcription.
We have found that HMGI(Y) proteins may play a major role in promoting IL-2 gene transcription. The ®rst 300 b.p. of the IL-2 promoter are extremely A±T rich and many of the A±T-rich stretches lie within or close to known functional domains of the promoter (Fig. 2) . Our initial observation focused on a region of the promoter known as the CD28RE. This element is a non-consensus NF-jB binding site that has particularly high anity for c-Rel, a member of the NF-jB/Rel family. 30 This element is required for the response of IL-2 to the co-stimulatory signal generated by the interaction of the B7 molecules on antigen presenting cells with CD28 receptor on the T cell surface. This signal functions together with signals from the TCR to generate high-level IL-2 transcription. We observed that HMGI(Y) could bind to the A±T stretch in the centre of the c-Rel binding site. 30 As had been observed with other NFjB binding sites, it was not surprising then that HMGI(Y) promoted the binding of NF-jB/Rel proteins to this site.
The surprising ®nding was, however, that HMGI(Y) had a dierential eect on the binding of dierent members of the NF-jB/Rel to this site. The major complexes found to bind to this site in extracts from CD28-activated cells were a RelA homodimer and c-Rel-containing complexes. 29 While HMGI(Y) had only a small eect on RelA binding, it appears to be essential for c-Rel binding to this site. 30 Thus not only does HMGI(Y) promote transcription factor binding to this site, it also plays a role in selectivity for certain family members. Using antisense expression of HMGI(Y) we found that not only was HMGI(Y) required for the function of the CD28RE but that the function of the entire IL-2 promoter was exquisitely sensitive to the removal of HMGI(Y). The promoters of other T cell cytokine genes such as IL-3 and GM-CSF, while having some dependence on HMGI(Y), were not as dependent as IL-2 (Shannon MF, Hines SR, unpubl. obs.). This ®nding has led to the investigation of HMGI(Y) in the function of other sites on the IL-2 promoter and we have found that it plays a role in the formation of several transcription factor complexes on the IL-2 promoter (Shannon MF, Hines SR, unpubl. obs.).
Interleukin-2 works as an autocrine growth factor for T cells following activation and is important in promoting T cell proliferation in response to an antigen. It is interesting then to ®nd that the expression of one component of the IL-2 receptor, the IL-2R a chain, is also aected by HMGI(Y). In studies by John et al. it was shown that HMGI(Y) could bind to several sites on the IL-2Ra promoter. 31 In this context, HMGI(Y) acts in a physical complex with Elf-1, a member of the Ets family of transcription factors. It is also thought to promote interaction between Elf-1 and NF-jB/SRF complexes bound to an upstream site. Whether this is through alterations in DNA structure or by direct protein±protein interactions is not known. Because of the important role that HMGI(Y) plays in the transcription of two genes whose products form an important autocrine loop for T cell proliferation and function, it is clear that this group of small nuclear proteins are critical for the generation of an immune response.
There has been increasing evidence presented in recent literature that HMGI(Y) proteins may be involved in tumorigenesis. 23 Increased levels of the proteins and their involvement in translocations have been associated with lipomas and other benign mesenchymal tumours. Neoplastic transformation of thyroid cells has been associated with increased expression of HMGI(Y) proteins, and a causal role for HMGI-C has been shown using antisense strategies. 32 The involvement of HMGI(Y) in T cell neoplasms has not been investigated, but given the involvement of these proteins in the autocrine T cell growth loop, the state of the HMGI(Y) proteins in the cells may be very important in maintaining regulated T cell growth. 
HMGI(Y) proteins

Signals from the IL-4 receptor aect HMGI(Y) phosphorylation and function
HMGI(Y) has been shown to inhibit transcription from the germline immunoglobulin epsilon gene. 34 It is interesting that this gene is an IL-4 inducible gene and thus may share some similarity with the IL-4 promoter itself, which is also IL-4 inducible. In an attempt to investigate the mechanism of HMGI(Y) inhibition of the Ige promoter it was found that IL-4 treatment of cells could lead to the serine phosphorylation of HMGI(Y). 34 In turn this phosphorylation of HMGI(Y) decreased its anity for DNA. Interleukin-4-driven phosphorylation of HMGI(Y) was rapamycin but not genistein sensitive, suggesting a role for pp70 S6 kinase but not tyrosine kinases such as the IL-4R-associated Janus kinase (JAK) in the pathway. Further experiments have identi®ed a precise motif in the IL-4 receptor that is required for HMGI(Y) phosphorylation. 35 This motif contains a tyrosine residue that is a docking site for IRS-1, an adaptor protein involved in insulin receptor signalling. This in turn leads to enhancement of pp70 S6 kinase activity through a phosphatidyl inositol (PI) 3-kinase pathway.
The consequences of HMGI(Y) phosphorylation are a greatly reduced anity for DNA because of electrostatic 
A role for HMGI(Y) in determining T cell phenotypes
As described in the previous section, the phosphorylation of HMGI(Y) and its decreased anity for DNA would have dierent outcomes for genes that are positively or negatively regulated by HMGI(Y). High mobility group I(Y) appears to have the opposite eect on two T cell cytokines, IL-2 and IL-4. The expression of IL-4 is closely linked to the development of Th2-type T cells and the humoral immune response associated with parasitic infections and allergy. On the other hand, high levels of IL-2 production are more closely linked with Th1 responses. In the presence of IL-4, T cells are skewed towards further production of IL-4 and a Th2 phenotype. As we have described in the previous section, IL-4 signalling can phosphorylate HMGI(Y), decreasing its anity for DNA. Such an event would have the desired consequence of increasing IL-4 but decreasing IL-2 gene transcription and promoting a Th2 phenotype (Fig. 3) . There is some evidence that HMGI(Y) levels are higher in Th1 than in Th2 cells, but this warrants further investigation.
The cytokine most associated with the Th1 T cell phenotype is IFN-c. The eect of HMGI(Y) on IFN-c expression is not known. Like most cytokine promoters, the IFN-c promoter has many A±T stretches that are potential binding sites for HMGI(Y). These A±T stretches are associated with the binding sites for NF-jB and NFAT transcription factors that play a role in IFN-c transcription. 36 Whether HMGI(Y) would promote or inhibit transcription factor binding to sites in the IFN-c promoter remains to be determined. In summary, the HMGI(Y) proteins appear to play an important modulatory role in T cell cytokine gene transcription and may in¯uence their relative rates of transcription. 
